Objective: This study tested the hypothesis that 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) reductase inhibitor affects T cellmediated autoimmunity through inhibition of nuclear factor-KB (NFKB) and reduces the severity of experimental autoimmune myocarditis (EAM). Methods: EAM was induced in Lewis rats by immunization with myosin. High-dose or low-dose fluvastatin or vehicle was administered orally for 3 weeks to rats with EAM. Results: Fluvastatin reduced the pathophysiological severity of myocarditis. Fluvastatin inhibited expression of NFKB in the nuclei of myocardium in EAM. Fluvastatin reduced production of Th1-type cytokines, including interferon (IFN)-; and interleukin (IL)-2, and inhibited expression of inflammatory cytokine mRNAs in the myocardium. Infiltration of CD4-positive T cells into the myocardium and T cell proliferative responses were suppressed by fluvastatin. Plasma lipid levels did not differ between the groups. Conclusions: Fluvastatin ameliorates EAM by inhibiting T cell responses and suppressing Th1-type and inflammatory cytokines via inactivation of nuclear factor-KB, and this activity is independent of cholesterol reduction.
Introduction
Myocarditis is characterized by myocyte necrosis and degeneration with mononuclear cell infiltration [1] . Myocarditis can lead to sudden death [2] , and 5-10% of patients with myocarditis may develop dilated cardiomyopathy (DCM) [3, 4] , a major cause of morbidity and mortality among young adults [5] . Because the pathogenesis of myocarditis remains unclear, treatment is not directed at the disease itself but instead at managing the symptoms [6] . However, there is substantial evidence suggesting that autoimmune responses to heart antigens, particularly cardiac myosin, after viral infection contribute to the disease process [6, 7] .
Experimental autoimmune myocarditis (EAM) in rats is an animal model of human giant cell myocarditis and postmyocarditis DCM [8] . EAM in rats is reported to be a CD4-positive T cell-mediated disease and is thought to be related to Th1 responses in the acute phase [9] . Cytokines secreted from activated T cells are recognized as having important roles in the pathogenesis of EAM [10] .
A recent study revealed that nuclear factor-KB (NFKB) plays a crucial role in EAM in rats [11] . Activation of NFKB leads to transcription of adhesion molecules, cytokines, and chemokines and activates T cells, which promote the inflammation involved in myocardial injury in EAM [11, 12] . Therefore, blockade of NFKB inhibits T cell activation and production of essential cytokines [12, 13] . NFKB has also been reported to affect EAM through regulation of a number of genes necessary for T cell responses [11, 14] .
Statins are inhibitors of 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) reductase and are widely used to reduce lipid levels in blood; they have also been shown to reduce cardiovascular morbidity and mortality [15, 16] . Because the cardiovascular protective effects of statins have also been observed in patients with normal cholesterol levels, it has been proposed that statins have a broad range of cholesterol-independent protective effects [17, 18] . Statins are reported to ameliorate inflammatory diseases in murine autoimmune models by inhibiting Th1 responses [19] and to influence cell activation through inhibition of NFKB [20, 21] . Therefore, statins could be useful for modulating T cell immunity through inhibition of NFKB in EAM. In this study, we found that fluvastatin ameliorated EAM by inhibiting T cell activation and suppressing inflammatory cytokines via inactivation of NFKB. These effects extended beyond reduction of cholesterol levels.
Methods

Induction of EAM in rats
Acute EAM was induced in 7-week-old Lewis rats by immunization with porcine cardiac myosin as previously described [22] .
Treatment
Fluvastatin was kindly provided by Tanabe Seiyaku (Osaka, Japan). Rats with EAM were divided into three groups. High-dose fluvastatin (7.5 mg/kg per day, group H, n=6), low-dose fluvastatin (3.75 mg/kg per day, group L, n=6), or vehicle (group C, n=6) was mixed with the rat chow for 3 weeks from day 0 to day 21 after immunization. We examined plasma total cholesterol, triglyceride, and fluvastatin levels in the three groups at day 21. All animals were maintained in accordance with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996). The protocol was approved by the Animal Research Committee of Tokyo Medical and Dental University.
Echocardiography
Transthoracic echocardiography was performed on animals on day 21. An echocardiographic machine with a 7.5-MHz transducer (Nemio, Toshiba, Tokyo, Japan) was used for M-mode left ventricular echocardiographic recordings. Two-dimensional targeted M-mode echocardiograms were obtained along the short axis of the left ventricle at the level of the papillary muscles. Left ventricular diameter at diastole (LVDd) and at systole (LVDs) were determined from M-mode echocardiograms over three consecutive cardiac cycles according to the leading edge method of the American Society for Echocardiography [23, 24] , and fractional shortening (LVFS) was derived.
Histological examination
Peak inflammation induced by macrophages and CD4-positive T cells is expected to occur in EAM around day 21 after immunization [10] . Thus, we killed the animals on day 21. The hearts were harvested immediately, sliced transversely, and stained with hematoxylin and eosin. The area of myocardium and surrounding tissue containing inflammatory cells and myocardial necrosis, and thus affected by myocarditis, was determined with a computer-assisted analyzer (Scion Image Beta 4.0.2, Scion, Frederick, MD). The myocarditis-affected area ratio (affected area/total area expressed as a percentage) was calculated as described previously [22] . All data were obtained blindly by two independent observers and averaged.
Immunohistochemistry
Midventricular slices of the heart were embedded in the OCT compound. Immunohistochemistry for surface markers was performed as described previously [25] . Primary antibodies were anti-CD4 (OX35, PharMingen, San Diego, CA) and anti-CD8 (OX8, PharMingen). We then classified the CD4-or CD8-positive cell area ratios (anti-CD4-or -CD8-positive cell infiltration area/total area as a percentage) into the following five grades: 1, 0-10%; 2, 10-30%; 3, 30-50%; 4, 50-80%; 5, more than 80%. The mean score of the three sections was recorded as the immunohistochemistry score. Two observers scored the immunohistochemistry scores blindly. Fig. 1 . Heart weight/body weight ratio. The heart weight/body weight ratio was significantly lower in group H than in group C. *Pb0.05.
Western blotting
The myocardial lysates (10 Ag protein/lane) were separated by electrophoresis on 12% SDS-PAGE and then transferred electrophoretically onto nitrocellulose membrane. The membrane was incubated with primary antibody against NFnB p65 (Santa Cruz Biotechnology, Santa Cruz, CA) or against actin (Chemicon International, Temecula, CA). The blot was reacted with secondary antibody (Amersham Biosciences, Piscataway, NJ) and developed with ECL reagent (Amersham Biosciences). Enhanced chemiluminescence was detected with the LAS-1000 (Fujifilm, Tokyo, Japan).
Ribonuclease protection assay (RPA)
Total mRNA was extracted from myocardium with TRIzol (Life Technologies, Rockville, MD), and cytokine mRNA levels were measured by RPA as described previously [22] . 
T cell proliferation assay
Spleen cells were isolated from rats with myocarditis on day 18. Cells (5Â10 5 /well) were cultured in 96-well plates with 50 Ag/mL purified porcine heart myosin (Sigma, St. Louis, MO). Stock solutions of fluvastatin sodium (Tanabe Seiyaku) were dissolved in distilled water. Fluvastatin sodium was added to each well at various concentrations. Cultures were incubated at 37 8C under 5% CO 2 for 3 days. T cell proliferation was assessed by MTT assay with Cell Counting Kit-8 (Dojindo, Tokyo, Japan). Cell proliferation was expressed as the optical density [26] .
Enzyme-linked immunosorbent assay (ELISA)
Supernatants were collected from cultures used for T cell proliferation assays. Concentrations of interferon (IFN)-g, interleukin (IL)-2, IL-4, and IL-10 were determined with an ELISA kit (BioSource International, Camarillo, CA) according to the manufacturer's instructions.
Statistical analysis
Values are given as meanFS.E.M. Results were compared between groups by ANOVA followed by Scheffé's test (SPSS, Chicago, IL). Differences were considered statistically significant at Pb0.05.
Results
3.
1. Improvement in heart weight/body weight ratio and cardiac function; plasma total cholesterol, triglyceride, and fluvastatin concentrations
No rat died prior to day 21. On day 21, the hearts of group C rats were enlarged and contained large grayish areas with massive pericardial effusion. The hearts of group H rats were slightly enlarged and showed small grayish areas on the surface. The heart weight/body weight ratio of group H was significantly lower than that of group C (Fig. 1) . Echocardiography revealed that LVDd, LVDs, and LVFS in group H were improved significantly compared with those in group C ( Fig. 2A to D ). The plasma total cholesterol level was 70.0F4.5 ng/mL in group C, 70.6F6.0 ng/mL in group L, and 72.5F1.4 ng/mL in group H. There was no significant difference in the plasma total cholesterol level between the groups. Similar findings were observed for the plasma triglyceride level (60.1F7.2 ng/mL in group C, 59.6F6.8 ng/mL in group L, and 56.5F3.2 ng/mL in group H). The plasma fluvastatin concentration did not differ significantly between group L and group H (58.7F19.7 ng/mL and 84.7F11.6 ng/mL, respectively).
Reduction of the myocarditis-affected areas by fluvastatin
Severe inflammatory lesions were observed in the hearts of group C rats (Fig. 3A) . These lesions were composed of extensive myocardial necrosis and showed infiltration by mononuclear cells, polymorphonuclear neutrophils, and multinucleated giant cells (Fig. 3B) . In contrast, hearts of group H rats showed little infiltration by inflammatory cells and little myocardial necrosis ( Fig. 3C and D) . The ratio of the myocarditis-affected area was significantly smaller in group H than in group C (Fig. 3E) . The effect of fluvastatin tended to be dose-dependent, and the ratio of the myocarditis-affected area differed significantly between group L and group H (Fig. 3E ).
Inhibition of activation of myocardial NFjB in EAM
To evaluate NFnB activity, we examined expression of nuclear p65 protein in myocardium of rats with EAM by Western blotting (Fig. 4A) . As shown in Fig. 4B , p65 levels in the nuclei of myocardium in group L (n=6) and group H (n=6) were significantly lower than those in group C. The effect of fluvastatin tended to be dose-dependent, but the difference between group L and group H was not statistically significant.
Suppression of expression of mRNAs for inflammatory cytokines
Levels of mRNAs encoding IL-4, IL-6, IL-10, IL-1h, and tumor necrosis factor (TNF)-a were significantly lower in group H than in group C ( Fig. 5A and B) .
Reduction of Th1-type cytokines by fluvastatin
We performed ELISA of supernatants collected from T cell proliferation assays. Production of Th1-type cytokines, including IFN-g and IL-2, was significantly lower in the fluvastatin group (10 À6 mol/L; n=4 for each cytokine) than in the control group (n=4; Fig. 6A and B) . Production of Th2-type cytokines, including IL-4 and IL-10, in the fluvastatin group (10 À6 mol/L; n=4 for each cytokine) was also lower than that in the control group (n=4; Fig. 6C and D) .
Immunohistochemistry findings
The immunohistochemistry score of infiltrating CD4-positive T cells was lower in group H than in group C (Fig.  7A, B , and E). The score for infiltrating CD8-positive T cells did not differ significantly between group C and group H (Fig. 7C, D, and F) .
Suppression of cell proliferation
We used cell proliferation assays to evaluate the antiinflammatory effects of fluvastatin on antigen-induced proliferation of T cells. T cell proliferation was suppressed by fluvastatin in a dose-dependent manner (Fig. 8 ).
Discussion
In this study, fluvastatin reduced the histological and functional severity of EAM. This reduction was not associated with plasma lipid concentrations but was associated with cytokine production in response to antigen stimulation both in vivo and in vitro. We investigated possible involvement of NFnB in statin-induced amelioration of EAM.
NFnB is a rapid-response transcription factor that regulates expression of genes encoding cytokines, chemokines, and adhesion molecules [13] . Blockade of NFnB inhibits activation of T cells [12, 13] . NFnB exists in the cytoplasm as a heterodimer of a 50-kDa (p50) and a 65-kDa (p65) subunit associated with an inhibitory protein of the InB family. When cells are stimulated, the InB inhibitory protein is phosphorylated, and it dissociates from the NFnB heterodimer. Free NFnB then translocates into the nucleus [13] . A previous study revealed that NFnB plays a pivotal role in the regulation of myocardial damage in EAM [11] . In addition, recent studies suggest that statins possess antiinflammatory properties that involve inhibition of NFnB [20] . Therefore, we investigated the effect of fluvastatin on the activation of NFnB as reflected by p65 in myocardium with EAM. We found by Western blotting that fluvastatin inhibited expression of p65 in the nuclei of myocardium with EAM.
NFnB increases expression of the genes encoding many cytokines in inflammatory diseases [13] . NFnB binding sequences have been found in the promoter regions of cytokine genes associated with T cell activation and inflammatory responses, including IL-2, IL-6, TNF-a, and IL-2 receptor [12] . The proinflammatory cytokines IL-1h and TNF-a both activate and are activated by NFnB [13] . In the pathogenesis of EAM, cytokines play an important role. During the inflammatory phase of EAM, Th1-type cytokines and proinflammatory cytokines, including IL-2, IFN-g, IL1h, and TNF-a, are produced [10] . Suppression of proinflammatory cytokines, such as IL-6, IL-1h, and TNF-a, that produce Th1-type cytokines prevents development of EAM [27] . This study shows that fluvastatin decreases expression of proinflammatory cytokine mRNAs, including those for IL-6, IL-1h, and TNF-a. Our findings are consistent with those of previous studies showing that IL-6, IL-1h, and TNF-a are inhibited by statins [28] [29] [30] . In this study, production of Th1-type cytokines, including IFN-g and IL-2, was inhibited by fluvastatin, but this was not accompanied by an increase in production of IL-4 and IL-10, which are Th2-type cytokines. This result contrasts with reports that atorvastatin increased Th2 response while suppressing Th1 response in an experimental encephalomyelitis model [31, 32] . Our result is consistent with previous reports that statin suppresses Th2-type cytokines as well as Th1-type cytokines in murine allergic asthma [33] . Some studies have also shown that a decrease in Th1-type cytokines is not associated with increased Th2-type cytokines in murine models treated with statins [18, 19] . In our present study, the antiinflammatory effect of fluvastatin was mediated at least in part through suppressive T cell activity unrelated to suppression and augmentation of Th1 and Th2 responses.
In addition to the findings that CD4-positive T cell infiltration was decreased by fluvastatin, we observed in vitro that myosin-specific T cell proliferation was decreased by fluvastatin in a dose-dependent manner. These results suggest that fluvastatin affects activation and proliferation of T cells, especially CD4-positive T cells, and ameliorates EAM. These results are consistent with those of a recent study showing that statin affects T cell responses in a murine model [19] .
The results of this study suggest that the effects of fluvastatin on EAM may be associated with inhibition of NFnB activation, which might result in the inactivation of T cells and the reduction of inflammatory cytokine levels. Although statins suppress NFnB through inhibition of InBa phosphorylation [20] , we were unable to detect phosphorylated InBa in this study, probably due to its fast turnover and degeneration in vivo [34] .
The doses of fluvastatin used in this study were high relative to those used in clinical trials. However, the plasma fluvastatin concentration in our rats was lower than that observed in humans after oral administration of fluvastatin (40 mg/day) [35] . In addition, the fluvastatin doses used in this study are comparable to those commonly used in rat and mouse studies [36, 37] because there is rapid up-regulation of HMG-CoA reductase in response to statin treatment in rodents [38] .
It is notable that no significant reduction in plasma lipids was observed in our study. The rats used in our study were normocholesterolemic. It has been reported that plasma lipids do not change in normocholesterolemic rats treated with statins [36, 37] , which is consistent with our present result. Additionally, this study indicates that the immunomodulatory effects of fluvastatin in EAM occur at doses below the optimal lipid-lowering dose required in normocholesterolemic rats.
This study showed for the first time that fluvastatin reduces the severity of EAM in rats. This effect includes improved cardiac function and is associated with suppression of T cell response along with reduction of Th1-type cytokines and myocardial inflammatory cytokines, possibly through inhibition of NFnB activation. These beneficial effects of fluvastatin in EAM extend beyond lowering of lipid concentrations. Thus, fluvastatin could have therapeutic potential for myocarditis in humans. Further studies are needed to clarify and evaluate the clinical usefulness of fluvastatin for treatment of myocarditis. 
